Two-band emission method for measuring temperature distribution using CO 2 or H 2 O as the emission medium was developed. In the calibration test using McKenna hydrogen flat flame burner, the developed method had similar quantitativity compared with the other measurement methods, CARS and SiC radiant method. When we applied the developed two-band emission method to high enthalpy supersonic wind tunnel experiment, we could capture the behavior of shockwaves and expansion fans in the supersonic flow and the reconstructed temperature distribution was reasonably quantitative.
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Introduction
As the next-generation hypersonic aircraft engines, capable of flying at Mach 5 from rest, a pre-cooled turbojet engine 1) is expected. In the development of the engine, measuring the temperature distribution in the supersonic exhaust jet from the afterburner nozzle is important from the point of view of understanding of combustion phenomena and engine performance. However, the exhaust flow from the nozzle of the pre-cooled turbojet engine operating at high Mach number is a supersonic flow field, where the temperature field is extremely complicated by the shock wave structure. It takes a number of experiments to measure the temperature distribution by point measurement. Additionally, in the temperature measurement of high enthalpy flow field by intrusive method such as a thermocouple, there is a concern that it may disturb the flow field and cause a local temperature rise due to the generation of shock waves. The heat flux caused also may damage the probe.
In this study, two-band infrared emission method, which is an optical and non-intrusive measurement method not giving a disturbance to the flow field, was applied to measure the temperature of supersonic exhaust jet. This approach uses the infrared emission energies from a particular medium through two narrow wavelength bands respectively, to obtain the temperature information. In our previous element test, by mixing 1 ~ 2mol% of the CO 2 in the measurement object and using the infrared camera of the mid-infrared region (3 ~ 5 μm), we were able to measure the temperature distribution of the exhaust jet from the nozzle element by the two-band infrared emission method.
2) On the other hand, the pre-cooled turbojet engine uses hydrogen as the fuel; therefore, the exhaust gas from the scale model engine does not contain the CO 2 . Hence, in the present study, we focus on H 2 O which is abundant in the exhaust gas as the infrared medium, and report the results of the temperature measurement applying two-band emission method to high enthalpy supersonic flows.
Measurement principle
In the two-band infrared emission method, we detect the emissions from CO 2 or H 2 O at selected two wavelength bands whose spectral characteristics have different temperature dependence. The ratio of the emission intensities obtained at these wavelength bands is a function of the partial pressure and temperature of the medium. Therefore, we first calculated the database of spectrum in the relevant range of temperature and partial pressure for a given optical length, which corresponds to the depth of the measurement objective. The spectral intensities are calculated by RADCAL. 3) In order to evaluate temperature from the emission intensities, we searched the condition from the database by interpolation so that the both measured intensities matched the calculated intensities at each wavelength band.
To detect the emission energy, an infrared camera, NIKON LAIRD-S270A was used. The detection wavelength was from 3 to 5 μm, and the effective number of pixels was 610 × 442. Mmid-infrared cameras are available easily and one of our objectives is to detect the emission from H 2 O with the mid-infrared camera. The camera records emitted luminance as two-dimensional data. We measured the emission energy at the specific wavelength band of CO 2 or H 2 O by using band-pass filters shown in Table 1 . When CO 2 was used as the medium, combination of f2 and f4, and combination of f2 and f5 were used for the burner test and the wind tunnel test, respectively. When H 2 O is used for medium, the tails of wavelength bands of 2.9 μm and 6 μm which spreads at a high temperature range are used because there is no proper wavelength band for the mid-infrared region (3 -5 μm). In such experimental conditions, we used the combination of fB and fN1 in Table 1 . The typical spectra for CO 2 and H 2 O are shown in Fig. 1 .
The band-pass filter was attached to the filter exchanger, which was installed in front of the lens of the infrared camera. The exchanger stored the four filters and we switched the filter to take the filtered emission intensity at any timing in the experiment. The recorded two-dimensional data was stored in the PC as the luminance data of 8-bit grayscale. The obtained luminance data was converted into emission intensity. The relation between the emission intensity and the luminance was obtained in advance. By comparing the emission intensity to database calculated by RADCAL code, we obtained the partial pressure vs. temperature curves (P-T curve) for the two wavelength bands, respectively. We obtained the temperature from the intersection of the two P-T curves. This calculation was performed for all points of the two-dimensional data and we finally obtained the temperature distribution.
Experiment Method
Water-cooled McKenna flat flame burner
The experiment was conducted by a water-cooled flat flame burner (McKenna burner). The schematic of experiment apparatus is shown in Fig. 2 . The burner body was made of stainless steel with the outer diameter of 120 mm and the height of 60 mm. The fuel was hydrogen and flat hydrogen-air premixed flame was stabilized on the porous plate. The flame temperature could be varied at about 50 ~ 100 K intervals by controlling the hydrogen and air mass flow rates.
The experimental conditions, flow rates of H 2 and air, equivalence ratio, concentrations of H 2 O and CO 2 in the burnt gas, are shown in Table 2 . When H 2 O was used as the infrared medium, we measured the emission from the H 2 O in the burnt gas. The concentration of H 2 O was calculated by the equivalent ratio. When CO 2 was used as the medium, we added 1 mol% CO 2 to the mixture in advance. We measured the emission intensities using the fB, fN1filters for H 2 O, and f2 and f4 filters for CO 2 , respectively. Table 2 also shows the temperature T SiC , which was measured by the black body radiation from SiC wire 4) inserted into 15 mm above the porous plate at the center of the burner. We set the T SiC as the reference temperature and compared measured temperature with T SiC . In some conditions, the temperature, T CARS , is also shown, which was measured by Prucker et al using CARS method 5) at the same position. In the experiment, the measured two-band temperature was average temperature in the region of the vertical 1 mm × horizontal 20 mm whose height was 15 mm from the porous plate. In the image, the region corresponded to vertical 3 pixel × horizontal 68 pixel, and the averaged temperature was calculated from the temperatures at total 204 points. We compared the measured two-band temperature T to T SiC and T CARS to investigate the accuracy of two-band emission method. 
The supersonic wind tunnel
The temperature measurement was also conducted at a vitiated air supersonic wind tunnel installed in the University of Tokyo. 6, 7) This wind tunnel has a vitiation heater which heats the mainstream with lean combustion of hydrogen and oxygen rich air. The mainstream typically contains H 2 O more than 25mol% as mentioned later. The generated hot vitiated air is then accelerated at the nozzle section. Therefore, the vitiated supersonic stream is a good target for simulating the exhaust jet from pre-cooled turbojet engine. In this paper, we measure the temperature distribution of the vitiated hot airstream at the test section, which is connected downstream the nozzle. The schematic of the wind tunnel and the test section used in this study are shown in Fig. 3 . The stagnation temperature of the mainstream is varied from 1200 to 2400 K, and the Mach number at the inlet of the test section is 2.0.
Test section is made of gun metal. The total length is 400 mm, and the cross-section is 36 mm × 30 mm. The test section has a cavity whose depth is 18 mm. The cavity is set at 50 mm downstream from the inlet. The cavity's trailing edge has ramp angle of 30 degree, following the expansion section of 2 degree. Emission energy from the radiation medium is measured through a sapphire window attached on the side wall. The measurement area (64 mm × 44 mm) is shown as the rectangular region in Fig. 3 . When we measured emission from H 2 O, H 2 O contained in the vitiated air was used. When CO 2 was used as the medium, we added small amount of CO 2 (0.7%) into mainstream at the surge tank. Table 3 shows the specifications of the mainstream measured in this experiment. The stagnation temperature is calculated from the air flow rate and the amounts of H 2 , O 2 supplied in the vitiation heater assuming that there occurs10% heat loss to the wall. The static temperature is calculated from the stagnation temperature and static pressure assuming adiabatic and frozen flow inside the nozzle section. Figure 4 shows the luminance detected by infrared camera through fB, fN1 of Case B-1. Figure 5 is the emission intensities. In both wave length bands, the maximum intensity is observed at the center of the burner due to the circular geometry of the burner. It is found that the emission intensities of fB and fN1 increase at the burner center and decreases at the burner ends because the optical thickness becomes thinner at the side end and thickest at the center. Figure 6 shows the temperature distribution in Case B-1 calculated from the two emission intensities from H 2 O molecules. The effect of the optical length is canceled and almost uniform temperature distribution is obtained, which is one of the advantages of two-band method. The average temperature is 1589 K whereas the T SiC is 1627 K, and it is found the two-band method calculates reasonable temperature. However, in Case B-6 (see in Fig.7 ), the emission intensity from H 2 O was low so that only a part of field near the flame front was reconstructed whereas the emission from CO 2 was sufficient to reconstruct whole temperature field (not shown here). Therefore, it is found that the lower limit of the temperature measurement by fB and fN1 filters is about 1400 K. Figure 8 shows comparison between the two-band emission method temperature T, T SiC and T CARS . Although both fB and fN1 filters have transmission windows shifted from the peak of the radiation spectrum of H 2 O, it is found that reasonable temperature distribution is reconstructed.
Results and Discussion
In Table 4 , the difference between the two-band 1500 1400 temperature through fB and fN1 filters with medium of H 2 O and the radiation temperature from SiC wire is about ± 70 K, and the difference from the results by CARS method is about 80 K. The two-band temperature through the f2 and f4 filters from medium of CO 2 has similar discrepancy, 80~50 K from T SiC and 80 K from T CARS , respectively. Taking into account the reproducibility of McKenna flat flame burner itself, we concluded that two-band temperature with the medium of H 2 O has same variability to that with CO 2 as the medium, and the two-band method using the tail spectrum of H 2 O with a mid-infrared range infrered sensor can provide quantitative temperature distributions.
Supersonic wind tunnel
Figures 9 show the emission intensity and the temperature distribution in Case W-2 obtained from the emission of CO 2 using f2 and f5 filters. In Fig. 9 , the low temperature region which is observed behind the step is the recirculation zone generated by rapid expansion of the main flow downstream the backward step. Since the residence time is long in the cavity, it is expected that the trapped flow is cooled by the wall surface.
The two-band emission temperature distributions with CO 2 are shown in Fig. 10 . The local change in temperature is captured and it is found that this measurement method is effective to understand the characteristics of the flow field. In order to confirm the accuracy of the measured temperature, we compared the averaged inlet temperature with the static temperature. In this experimental condition, since the average specific heat ratio is 1.28 and the stagnation temperature is 2000 K, the static temperature of the main flow is expected to be 1287 K. The predicted value is the nozzle exit temperature assuming that the main flow expands isentropically through the nozzle as a frozen flow. The average temperatures of the rectangular area (10×26 mm) in Fig. 10 for W-1 and W-2 are 1118 K and 1224 K, respectively. Even taking account the heat loss to the wall, these temperatures are close to the expected values, therefore, the measured temperature by means of the present method can be regarded reasonable.
On the other hand, when we used H 2 O as the emission medium in Case W-3, the obtained raw luminance image was so dark even in the stagnation temperature of 2000 K that it was impossible to capture the profile of the flow field and reconstruct temperature distribution. This was due to low static temperature, which was below 1400 K. Hence we increased the stagnation temperature to 2400 K and measure the temperature distribution. Figure 11 shows the results in Cases W-3, W-4 and W-5. From Fig. 11 , it is found that there is an expansion wave generated by rapid expansion at the step, and the low temperature region in the recirculation zone behind the step. The average temperatures in the rectangular area (10×26 mm) are shown in Table 5 and Fig. 12 . In Case W-5, the measured average temperature was 1386 K and it was 219 K lower than the static temperature. One of the reasons of the discrepancy is that the core temperature is actually lower than the static temperature in Table 3 Two-band emission method : T(K)
Static temperature (K) 1000 1100 1200 1300 1400 1500 1600 1700 1000 confirmed that the static temperature is reasonably accurate by the previous studies. But when the stagnation temperature is set higher, there may be relatively large difference between the setting temperature and the actual temperature due to the underestimation of the heat loss. The other reason is as follows. When the stagnation temperature becomes higher, the temperature of the boundary layer on the window also increases. In our previous analytical study, it was found that the effect of re-absorption of the emission energy in the boundary layer was canceled in the two-band emission method if the temperature of the boundary layer was relatively low below 700 K, for example. However, when the temperature of the boundary layer becomes higher, the emission from the boundary layer cannot be ignored and it causes discrepancy from the core temperature. In such a situation, the measured temperature is close to the average temperature of the core and the boundary layer. Therefore, the obtained temperature in the higher stagnation temperature conditions may be lower than the actual core temperature due to the latter reason. Further study is needed to clarify which reason is dominant.
Conclusions
Adopting two-band emission method using CO 2 and H 2 O respectively for temperature distribution measurement, we found the following results. 1. In the experiment using McKenna flat flame burner under atmospheric pressure, the two-band method using the tail spectrum of H 2 O with a mid-infrared range sensor could provide quantitative temperature distributions with the same accuracy as that using CO 2 . However, the lower limit temperature was higher than that using CO 2 and it was not proper to apply to the object of low temperature. 2. When the two-band emission method was applied to high enthalpy supersonic wind tunnel experiment, it could capture the behavior of shock wave and expansion fan in supersonic flow. The obtained temperature distribution was reasonably quantitative and agreed with the expected value when the setting stagnation temperature was 2000 K or less. However, in higher stagnation temperature conditions, the discrepancy between the measured temperature and the static temperature calculated from the setting stagnation temperature became large, which might be caused by the hot boundary layer on the window or actual temperature decrease due to the excess heat loss to the wall.
